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ABSTRACT

Based on the contents of the database S/MARt DB,
the most comprehensive data collection of scaffold/
matrix-attached regions (S/MARs) publicly available
thus far, we initiated a systematic evaluation of the
stored data. By analyzing the 245 S/MAR sequences
presently described in this database, we found that
the S/MARs contained in this collection are gener-
ally AT-rich, with certain significant exceptions.
Comparative analyses showed that most of the
AT-rich motifs which were found to be enriched in
S/MARs are also enriched in randomized S/MAR
sequences of the same AT content. Some sequence
patterns previously suggested to be characteristic
for S/IMARs were also investigated, among them
potential binding sites for homeodomain transcrip-
tion factors. Even though hexanucleotides contain-
ing the core motif of homeodomain factors were
frequently observed in S/MARs, only a few potential
binding sites for these factors were found enriched
when compared with regulatory regions or exon
sequences. All our analyses indicated that, on aver-
age, the observed frequency of motifs in S/MAR
elements is largely influenced by the AT content.
Our results can serve as a guideline for further
improvements in the definition of S/MARs, which
are now believed to constitute the functional coordi-
nate system for genomic regulatory regions.

INTRODUCTION

Within the past 20 years the model of the interphase nucleus
changed from a ‘bag of chromatin immersed in homogeneous
nucleoplasm’ to an anchored loop domain model in which
chromatin is organized into loops fastened by a nuclear
scaffold or matrix consisting of non-histone proteins (1,2).
Attachment of these loops to the nuclear scaffold or matrix
occurs at discrete regions, the scaffold or matrix-attached
regions (S/MARs). It has been estimated that the human
genome contains approximately 100 000 nuclear matrix
attachment sites (3).

S/MARs reside at the bases of the DNA loops that become
visible as a halo around extracted nuclei and are retained in
nuclear scaffold/matrix preparations from interphase nuclei. A
mostly overlapping group of elements is shown to exhibit a
high affinity when interacting with preparations of the nuclear
matrix (4,5).

S/MARs have been implicated in a variety of important
functions, such as genome organization and gene expression.
In metaphase chromosomes S/MARSs appear to be juxtaposed
in the center of each chromatid (6). Thereby they are in a
position to contribute to chromosome condensation during
nuclear division (6). The similarity between metaphase
chromosomes and lampbrush chromosomes suggests the
same principal organization for both transcriptionally inactive
and active chromosomes (7).

S/MARs have also been assigned to function in gene
expression, where they are regarded as a distinct class of cis-
acting elements affecting transcription regulation (8,9). Along
these lines, several reports have demonstrated that, after stable
integration of a template, SMARs may provide a significant
enhancement of transcription (10-13). Other reports have
suggested S/MARs to function as boundary elements or
insulators (14-18). S/MARs may also play a fundamental role
in carcinogenesis (19).

As soon as the first S/MAR sequences became available
they were analyzed for common sequence characteristics (see
for example 1,20-22). The features which emerged in these
analyses were considered characteristic of this group of
elements. In order to assist S/MAR prediction and to enhance
our knowledge of their function we have set up a database,
S/MARt DB, which, at present, contains 245 S/MAR
sequences (23,24). Based on this database, we attempted to
verify some sequence characteristics of S/MARs by compari-
son with sequences from regulatory (extended promoter
sequences) and non-regulatory (exon sequences) regions.

MATERIALS AND METHODS

S/MAR sequences were obtained from the S/MAR transaction
database [http://transfac.gbf.de/SMARtDB/], release 2.0 (24).

For comparison the following additional data sets were
compiled: four sets of randomized S/MAR sequences were
generated by Perl script. To shuffle the bases in the individual
sequences we used a Roulette Wheel selection algorithm with
adaptive weights for the probabilities of getting one of the four
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base types. The Roulette Wheel selection is a stochastic
selection algorithm where an individual is selected with a
probability directly proportional to its fitness (here: frequency
of occurrence).

Extended promoter sequences between —499 and +101
relative to the transcription start site were retrieved from the
Eukaryotic Promoter Database (EPD), release 59 (25). Some
extended promoter sequences may be shorter than 600 bp
because the available genomic sequences did not cover the
whole range.

Exon sequences of vertebrates were extracted from the
EMBL data library, release 56 (26). Only sequences from exon
3 and following exons were considered. Sequences of exons 1
and 2, which were shown earlier to contain a certain number of
proven transcription factor-binding sites, were omitted to
ensure a minimal concentration of functional regulatory
elements in the final sequence set (27).

The sequence sets were analyzed using the program
Matlnspector professional 4.2, locally installed under Linux
(28). Using an integrated matrix library mainly derived from
the TRANSFAC database (29), we screened the S/MAR
sequences for the presence of transcription factor cognate
motifs. To analyze the S/MAR sequences for hexanucleotide
composition the analysis was carried out using the user defined
IUPAC string option of the MatInspector program. This option
was also used to check the sequence sets for A-box and T-box
motifs, for consensus sequences for Drosophila and vertebrate
topoisomerase Il and for the S/MAR-specific sequence defined
by van Drunen et al. (22). To enable comparison the analysis
of these motifs was also performed with matrices. For this
purpose, we transformed the IUPAC consensus strings into
matrices of comparable format according to the meaning of
the degenerate codes, e.g. C gives mc =4 and mp = mg=mrp =
0, S is transformed to mc = mg =2 and ma = mt =0 and N is
represented by m = mc = mg = mt = 1. The search for insect
and vertebrate transcription factor-binding sites was per-
formed using TRANSFAC-derived weight matrices. The
analyses were carried out with Matrix Family Library v.1.7.
For searches employing matrices the core similarity was set to
75 or 90%, respectively, and the matrix similarity was set to
‘calculated optimized’. To calculate S/MAR enrichment
factors over distinct negative training sets, we determined
the ‘concentration’ of individual patterns a in the distinct
sequence sets. Thus, the concentration cyy,(a) of pattern a in
the S/MAR set of s, sequences comprising ng;,, nucleotides is

Csm(@) = [hsm(a)]/{nsm — [ssmw(a) — 1]}

with hgp(a) being the number of hits of pattern a in this
sequence set and w(a) the width (length) of pattern a. The
denominator represents the number of positions that are
capable of matching; cy,(a) thus ranges between 0 and 1. The
concentrations of pattern a in exon sequences [c.x(a)] and
extended promoters [cep(a@)] were determined accordingly.
Thus, the enrichment factor g, Of pattern @ in S/MAR over
exon sequences is defined as

Fsmvex(@) = [csm(@))/[Cex(@) + Com(a)]

Enrichment factors for comparison with extended promoters
(Fsmsep) Were calculated correspondingly. As is evident from
this equation, a rgyex(a) value of 0.5 indicates an equal

concentration of motif a in both sequence sets, higher values
(up to 1) over-, and lower values (down to 0) under-
representation of a in S/MARs compared to exons.

The AT content of the individual search patterns repre-
sented by positional weight matrices was calculated as

rar(@) = XVY; _ ({[ma() + mr())/
2N e ac.crmx(]Diw(a)

with my(i) being the weight (occurrence or frequency,
depending on the type of matrix used) of nucleotide N in
position i. ITUPAC consensus strings were transformed into
matrices as stated above.

The output of the Matlnspector searches for the motifs
mentioned above and putative transcription factor-binding
sites was further analyzed by making use of MS Excel statistic
functions (i.e. calculation of linear regression line, standard
error of regression, coefficient of correlation, coefficient of
determination).

Deviation from regression was calculated as follows:

dsm/ex(2) = [Fsmyex(Observed) — ryex(expected)]/c(expected)

where rgyex(expected) is the y value of a point on the
respective regression line.

In a different approach the matrices were grouped by their
AT content in such a way that each group consists of at least
three matrices (<0.240, 0.241-0.260, 0.261-0.280, ...,
0.781-0.800, >0.801). For each group the mean enrichment
factor and the standard deviation were calculated and used to
assess the deviations from the means.

RESULTS
Nucleotide composition of S/MARs

Until recently, most researchers in the field have agreed that a
common feature of all S/MARs is their elevated AT content
(6,30,31) and it was only Boulikas who has also considered a
group of S/MARs rich in GA or CT motifs (30). Since
S/MARs are supposed to be involved in gene regulation and to
reside in non-coding regions (9,32), we have compared the AT
content of S/MAR sequences in our database with promoter
and exon sequences. Promoter sequences have been included
in the analysis as a distinct class of regulatory sequences
whereas exon sequences were taken as representatives of
sequences which are supposed to be involved neither in gene
regulation nor in matrix attachment (Table 1; 25,26). Both
comparisons revealed that the mean AT content of the
S/MARs covered here was significantly higher (62%) than
that of the respective reference sequences, which did not differ
considerably (exons 47%, extended promoters 51%). The
difference becomes particularly evident when comparing the
portion of sequences with an AT content of >70% in S/MARs
(12% of all sequences) with those in exons (0.4%) and in
extended promoter regions (3%). Conversely, the portion of
sequences that exhibit a low AT content (<50%) is extremely
low in the S/MAR set (6.5%) compared to the other sequence
sets (67 and 47% in exons and extended promoters, respect-
ively). Thus, S/MAR sequences contained in S/MARt DB tend
to support the idea that prototype S/MARs are AT-rich.

The collection of S/MAR sequences compiled in the
S/MARt DB was scanned with all possible hexanucleotides



Table 1. AT content in different data sets
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S/MARs Exons Extended promoters
No. of nucleotides 521 366 3 686 246 813 600
No. of sequences 245 19 238 1356
Mean AT ratio 61.68% 46.85% 50.63%
Proportion of sequences with AT ratio <50% 6.53% 66.87% 47.49%
Proportion of sequences with AT ratio >70% 12.24% 0.41% 2.95%

S/MARs, S/MAR sequences in the S/MARt DB database; Exons, exon sequences of vertebrates (EMBL
release 56, exon 3 and greater sequences were considered); Extended promoter regions, 600 bp promoter

region (—499 to +101) according to EPD release 59.

(4096) to identify those that are significantly over-represented.
Results were cleared of redundant patterns yielding a non-
redundant list of 2080 hexamer patterns, each of them
expected to identify about 250 hexameric sites in the S/
MAR sequence set. This analysis was repeated with four
randomized S/MAR sequence sets. Even though the number of
matches obtained ranged between 4682 and 17 per hexanu-
cleotide for the original S/MAR sequences, none of the
hexanucleotides is present in all S/MARs. Table 2 lists the
hexanucleotides that have been found most frequently in the S/
MAR sequence set and exhibit a match number of >4-fold of
the expected frequency, i.e. >1000. Out of these 34 sequence
elements, about two-thirds consist exclusively of A and T;
none of them contains more than one C or G residue. These
non-A/T bases are (with only one exception) interspersed in
pure T stretches, as might be expected since by far the most
frequent motif consists of a stretch of six T residues (or A in
the case of the complementary strand). The second most
frequent pattern, which has been found in even slightly more
S/MARs than the Tg motif, is ATTTTT (or TAAAAA). All
five other AsT hexamers are in the list as well, as are 12 of the
15 possible A4T, hexanucleotides, but only 4 of 14 non-
redundant A3;T5 hexamers have been found in the list of the
most over-represented hexamer patterns, and these are in the
lower third. Among those over-represented hexamers that
contain a C or G are all six AsC and four of the six possible
A5G hexamers, and only one hexamer in this list contains a G
that is not embedded in or adjacent to a A or T run
(AAAATG). These findings agree with previous observations
that S/MARs often contain AT-rich motifs such as oligo(A)
runs (10,33). Furthermore, the compilation of frequent motifs
contains two hexanucleotides (ATATTT and ATATAT)
which, in the context of a certain sequence (ATC) environ-
ment were correlated with the unwinding propensity of S/
MARs, i.e. constituting ‘core unpairing motifs’ (CUEs)
(5,34,35). Table 2 also shows that hexanucleotides containing
the core motif of homeodomain transcription factors (ATTA
or TAAT) belong to the frequently found motifs in S/MARs.

Analyzing the different sets of randomized S/MAR
sequences, between six and nine motifs matched the criteria
defined above. All these motifs are composed exclusively of A
and/or T residues and are also found over-represented in the
original S/MAR sequence set (Table 2, motifs in italic). Of
note, the two motifs most frequently observed in the original
S/MAR sequence set showed up in all sets of shuffled S/
MARSs. On the other hand, of the hexanucleotides listed in
Table 2 the Ty (or Ag) and TsG motifs were consistently found
at least twice as often in the original S'/MAR sequences than in

the shuffled S/MARs. Beyond this finding there were no other
marked deviations in the numbers of hits between the original
and randomized sequence sets. In particular, we did not
observe a significant enrichment of the hexameric CUEs (see
above; 5,34) and hexamers containing the core motif of
homeodomain transcription factors in S/MARs compared to
random sequences of the same AT content.

Potential transcription factor-binding sites in S/MARs

A number of previously published reports implicated
transcription factors in S/MAR function (21,30,36-38).
One of them proposed homeodomain protein-binding sites
to be characteristic for S/MARs (21,30). Therefore, the
Matlnspector program (28) was used to search with weight
matrices for potential binding sites for transcription factors of
insects and vertebrates in the sequence sets comprising
S/MARs, shuffled S/MARs, exons and extended promoters.
For systematic comparison we calculated the S/MAR enrich-
ment factor r for each matrix as explained in Materials and
Methods.

Since prototype S/MARs exhibit an elevated AT content
(Table 1), we suspected that the AT content of a matrix might
have an influence on whether or not a certain DNA transcrip-
tion factor-binding motif is over-represented in the S/MAR
data set. Therefore, we computed the AT content of the
matrices used (see Materials and Methods). When plotting the
S/MAR enrichment factors determined for all matrices against
their AT content, we noticed a positive correlation. This holds
true for comparison of the ‘wild-type’ S/MAR sequences with
either exons or extended promoters (Fig. 1) and for distinct
MatlInspector search stringencies (data not shown). Essentially
the same picture emerged when the original S/MARs were
replaced by randomized S/MAR sequences. In contrast, no
such correlation was found when S/MARs were compared to
either set of randomized S/MAR sequences and plotted against
the AT content of the matrices used (data not shown).

In order to determine matrices which describe motifs that
may be significantly over- or under-represented in S/MARs,
we calculated, as a first approximation, linear regression lines
and their standard errors. Those patterns a were considered to
be significantly over- or under-represented for which the
corresponding r(a) value exceeded the *1.5-fold standard
error value (see dgnex and dgmep values). This table also
indicates the ‘re values’ given by MatInspector, indicating the
number of hits per kb the corresponding matrix produces in
random sequences and, hence, its stringency. Routine analyses
normally do not use matrices with a ‘re value’ greater than 7.
Applying the criterion |dgm/ex! OF ldgmsepl > 1.5, the matrices
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Table 2. Most frequent 34 hexanucleotides in S/MARt DB

rank motif original S/MAR sequences ratio of matches
matches no. of matching| original / original/  original/ original /
S/MAR random 1 random 2 random 3 random 4

sequences

1 AAAAAA / TTTTTT 4682 197 4,6 4,2 4,5 4,2
2 AAAAAT / ATTTTT 1989 201 2,0 2,0 1,9 1,9
3 AAAATA / TATTTT 1830 192 1,7 1,8 1,8 1,8
4 TAAAAA / TTTTTA 1653 192 1,6 1,7 1,6 1,7
5 AAATAA / TTATTT 1651 189 1,7 1,6 1,7 1,6
6 AAATAT / ATATTT 1609 185 1,5 1,6 1,6 1,6
7 AATAAA / TTTATT 1564 192 1,5 1,5 1,5 1,6
8 TTAAAA / TTTTAA 1512 188 1,6 1,6 1,6 1,6
9 ATAAAA / TTTTAT 1444 188 1,4 1,5 1,5 1,4
10 CAAAAA / TTTTTG 1390 186 2,4 2,4 2,4 2,3
11 AAAATT / AATTTT 1382 190 1,4 1,4 1,5 1,4
12 ATAAAT / ATTTAT 1335 181 1,4 1,4 1,4 1,3
13 ATTTTA / TAAAAT 1319 184 1,3 1,4 1,4 1,4
14 TAAATA / TATTTA 1244 174 1,3 1,3 1,3 1,2
15 AATTAA / TTAATT 1233 171 1,3 1,3 1,2 1,3
16 GAAAAA / TTTTTC 1210 193 2,1 2,0 1,9 2,1
17 AAACAA / TTGTTT 1210 176 21 2,0 2,0 2,1
18 AACAAA / TTTGTT 1208 177 21 21 2,1 2,0
19 AAATTA / TAATTT 1207 179 1,3 1,2 1,2 1,3
20 ATTAAA / TTTAAT 1181 182 1,2 1,3 1,2 1,2
21 ACAAAA / TTTTGT 1177 173 2,0 2,0 2,1 1,9
22 AAAAAC / GTTTTT 1144 174 1,9 2,0 1,9 21
23 AATAAT / ATTATT 1143 181 1,2 1,2 1,2 1,2
24 ATTTAA / TTAAAT 1131 164 11 11 1,2 1,1
25 AAAATG / CATTTT 1124 184 2,1 1,9 2,1 2,0
26 AAAAAG / CTTTTT 1122 187 1,9 1,9 1,9 1,9
27 AAAACA / TGTTTT 1119 181 2,0 1,9 2,0 1,9
28 AATATA / TATATT 1110 169 1,1 1.1 1,2 1,2
29 AGAAAA / TTTTCT 1087 195 1,8 1,9 1,7 1,9
30 AAGAAA / TTTCTT 1075 194 1,7 1,8 1,9 1,8
31 TATAAA / TTTATA 1072 168 11 1,2 11 11
32 ATATAT 1057 145 2,0 2,0 1,2 11
33 TAAATT / AATTTA 1033 162 1,1 1,0 1,0 11
34 ATAATT / AATTAT 1006 172 1,1 1,0 1,1 1,1

A total of 521 366 nt in 245 sequences, giving a maximum of 520 141 positions that are capable of matching,
was scanned with all hexanucleotide patterns. The analysis was done with both strands, therefore the
complementary hexanucleotides (giving the same number of matches) are omitted from the list. Theoretically,
each hexanucleotide can give rise to about 250 matches. Italic indicates motifs that were also found to be over-

represented in randomized S/MAR sequences.

listed in Table 3 describe motifs that are over- or under-
represented in S/MARt DB. Comparable numbers of matrix
patterns were found to be over- and under-represented. Among
these patterns, there is no clear-cut relation between their AT
content and the degree of over- or under-representation. For
instance, the GC-rich Spl pattern is significantly over-
represented in S/MARs when taking into account that it has
an extremely low a priori probability of occurring in these
AT-rich genome regions. On the other hand, the (relatively
AT-rich) recognition sites for Evi-1 and RORal are clearly
among the under-represented patterns. With few exceptions,
the observed trends are generally the same for S/MAR
enrichment factors that refer to exon or extended promoter
sequences. The proteins that are supposed to bind to these
over- and under-represented sequence patterns belong to
nearly all known classes of DNA-binding domains (39).
Among the matrices listed in Table 3 only M00104 describes
the DNA-binding profile for a homeodomain factor, CDP/
Cux, which has been mentioned in relation to S/MARs before

(38,40). Motifs described by two other matrices for homeo-
domain factors (M00018, Ubx; M00023, Hox-1.3) were also
found to be enriched in S/MARs. However, other matrices
which also describe the DNA-binding properties of CDP/Cux
did not match with S/MARs at a significantly higher rate
beyond that expected from the correlation shown in Figure 1,
and DNA-binding profiles of other homeodomain proteins
also did not exhibit significant matching frequencies.
Likewise, potential binding sites for other transcription factors
that have been mentioned in connection with S/MARs did not
show up markedly, as far as positional weight matrices are
available for them (YY1 and NF-1) (36,37).

When randomized S/MAR sequence sets were compared to
the exon or extended promoter sequences, again about half of
the matrices listed in Table 3 were found to be over- or under-
represented, respectively. The relevant TRANSFAC accession
numbers of matrices are given in italic in Table 3. A different
approach in which the outliers were calculated from the mean
enrichment factors and standard deviations of distinct classes
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Figure 1. Correlation of S/MAR enrichment factors with AT content of the search patterns applied. A matrix search for putative binding sites of insect and
vertebrate transcription factors or sequence elements previously reported to be S/MAR-specific was performed. The MatInspector program was adjusted to a
core similarity of 0.75 and the matrix similarity was set to ‘calculated optimized’. (A) Enrichment factors (rsm/ex) indicated by blue diamonds refer to over-
representation of putative transcription factor-binding sites in S/MARs when compared to exon sequences. The enrichment factors in pink indicate results that
exceed the confidence interval of 1.56. The correlation coefficient is 0.83 for this comparison. (B) Enrichment factors (rgmep) indicated by green triangles
refer to over-representation of putative transcription factor-binding sites in S/MARs when compared to extended promoter sequences. The enrichment factors
in blue indicate results that exceed the confidence interval of 1.56. Here the correlation coefficient is 0.84. The obtained correlations are significant (signifi-
cance level P < 0.001). Yellow circles with numbers attached refer to matrices for previously reported S/MAR-specific sequence elements re-evaluated here.
The numbering refers to the footnotes to Table 4. Regression lines are shown as solid black lines.

yielded a similar picture, i.e. 8 of 14 over- or under-
represented motifs described by weight matrices were shared
with the former analysis. The TRANSFAC accession numbers
of these matrices are underlined in Table 3.

Scanning for previously reported S/MAR-specific
sequence elements

Topoisomerase II sites have been reported to be indicative of
S/MAR sequences (30,32,41). Other sequence motifs that
have often been recognized within nuclear matrix-attached
regions are A- and T-box motifs (1,14,42,43). Still another
motif characteristic of S/MARs (TAWAWWWNNAWW-
RTAANNWWG) has been proposed by van Drunen et al.
(22). Therefore we searched S/MARt DB sequences and the
sets of shuffled S/MAR sequences as well as the other data sets
of regulatory and non-regulatory sequences for these sequence
motifs. To facilitate overall comparison the [UPAC consensus
strings were transformed into matrices (see Materials and

Methods for details); thus, the search was performed under the
same conditions as for transcription factor-binding sites.

We observed an enrichment of sites predicted by the matrix
derived from the Drosophila topoisomerase Il consensus in
S/MARs and randomized S/MARs when compared to exon
sequences or to the extended promoter sequence data set (44;
Table 4A). A converse picture emerged when we scanned the
data sets with the matrix derived from the published consensus
site for vertebrate topoisomerase II (45): the vertebrate
consensus appeared to be under-represented in the S/MAR
data set as well as in the shuffled sequences when compared to
other sequence sets (Table 4A).

Analyses for A- and T-box motifs revealed that SSMARs are
enriched in these motifs whereas an enrichment in randomized
sequences is observed only when compared to the exon
sequence set. The ‘S/MAR-specific sequence’ proposed by
van Drunen et al. (22) was enriched in the original and
shuffled S/MAR sequences when compared to either exon or



3438 Nucleic Acids Research, 2002, Vol. 30 No. 15

Table 3. Transcription factor-binding motifs exhibiting enhanced or lowered levels in S/MARs

TRANSFAC transcription factor DBD class ~ AT-content re  observed matches d smex d sep consensus binding site
accession of the matrix (sm, ex, ep)
number
M00050 E2F bHLH-ZIP 0,37500 0.13 622, 1701, 651 3,618 3,015 GCGCSAAA
MO00196 Sp1 CH 0,21083 1.70 85, 797, 878 2,596 -1,561 NGGGGGCGGGGYN
Moo104 CDP Homeo 0,51882 9.70 308, 666, 226 2,441 2,458 NATCGATCGS
MO00062 IRF-1 Trp 0,62045 0.03 538, 803, 337 1,879 1,746 SAAAAGYGAAACC
Moo227 v-Myb Trp 0,45019 229 489, 2116, 589 1,807 1,650 NSYAACGGN
M00249 heterodimers of bZIP 0,49310 1.10 125, 447, 99 1,709 2,508 NNRTGCAATMCCC

CHOP and C/EBPa
Mo0278 Lmo2 (~complex) LIM 0,52091 2.02 328, 1063, 302 1,653 1,730 NMGATANSG
Mooo18 Ubx (Ultrabithorax) ~ Homeo 0,55253 15.33 672, 1758, 506 1,631 1,961 NNNNNNTTAATKGNNNNNN
M00023 Hox-1.3 (HOXAS5) Homeo 0,52667 0.02 843, 2416, 784 1,613 1,548 TGCNNNNWYCCYCATTAKTNNN
Mo0127 GATA-1 CH 0,52636 1.80 299, 950, 266 1,581 1,759 gsgnmﬂmmen
MO00078 Evi-1 CH 0,74519 0.00 109, 471, 134 -1,535 -1,822 WGAYAAGATAAGATAA
M00041 CRE-BP1/c-Jun bZIP 0,56395 0.22 112, 1216, 297 -1,588 -2,291 TGACGTYA

heterodimer
M00319 MEF-3 Homeo 0,46154 0.02 44, 853, 139 -1,695 -1,706 KGSTCAGGTTWCN
MO00261 Olf-1 HLH 0,43182 0.03 95, 2190, 364 -1,743 -1,962 NNCNANTCCCYNGRGARNNKGN
M00339 c-Ets-1 Trp 0,46238 0.46 65, 1328, 195 -1,816 -1,566 NCAGGAAGTGNNTNS
MO00036 v-Jun bZIP 0,52083 0.00 13, 201, 12 -1,950 1,695 NYGATGACGTCATNCY
MO00315 general initiator seq. 0,51186 120.30 107, 1878, 286 -1,954 -1,664 CTNCANTN
M00037 NF-E2, NF-E2 p45  bZIP 0,50505 0.16 17,315, 63 -2,075 -2,667 RTGASTCAGCA
M00156 RORa1 cc 0,60526 0.19 59, 1045, 132 -3,118 2,250 NWAWNNAGGTCAN

The Matlnspector program was adjusted to core sim 0.75. TRANSFAC matrix accession numbers given in italics indicate that the respective
matrix also showed up in analyses of randomized S/MAR sequences. An underlined matrix accession number indicates that this matrix was also
over- or under-represented when non-parametric statistics were applied. re, ‘random expectation’ values of MatInspector indicating how many
hits per kb the corresponding matrix may produce in one megabase of random sequences; dgpex and dynyep are the differences of the respective
enrichment factors from the linear regression shown in Figure 1. The consensus binding sites are given as shown by MatInspector professional.

Table 4. Enrichment factors for previously reported S/MAR consensus patterns

Fsm/ex F'sm/ep rsm/noné Fsm/rand Frand/ex frund/ep
A A-box! 0.83 0.72 0.75 0.62 0.47
T-box? 0.78 0.68 0.66 0.65 0.53
Topo II (Drosophila)’ 0.78 0.70 0.55 0.75 0.65
Topo II (vertebrates)* 0.32 0.42 0.50 0.33 0.42
S/MAR motif? 0.84 0.72 0.55 0.81 0.67
B A-box! 0.84 0.74 0.82 0.72 0.66 0.53
T-box? 0.86 0.74 0.90 0.81 0.58 0.40
Topo 11 (Drosophila)’ 0.82 0.74 nd 0.57 0.78 0.68
Topo II (vertebrates)* 0.42 0.45 nd 0.52 0.40 0.43
S/MAR motif? 0.90 0.65 nd 0.70 0.79 0.59

(A) A matrix search was performed with matrices derived from the respective ITUPAC consensi (see Materials and Methods for details). MatInspector was
adjusted to core sim 0.75. (B) Search with the IUPAC consensus using the user defined IUPAC string option of the Matlnspector program allowing at
maximum 1 mismatch. Enrichment factors r are defined as explained in Materials and Methods and refer to over-representation of the respective element in
S/MARs or randomized S/MAR sequences when compared with exon sequences (Fgm/exs Trana/ex) OF €xtended promoter sequences (Fymyeps Trandiep); T Tanges
between 0 and 1, equal distribution between S/MARs, and the reference set is indicated by 0.5. When the means of the enrichment factors determined for the
comparisons of all randomized S/MAR sequence sets with a certain reference set are shown this is indicated by Fungex> Frandrep aNd Fopyrana. 0d, nOt
determined.

IA-box sequence (5-AATAAAYAAA-3") (32).

2T-box sequence (5-TTWTWTTWTT-3') (32).

3Topoisomerase II consensus string for Drosophila (5-GTNWAYATTNATNNR-3") (44).

“Topoisomerase II consensus string for vertebrates (5-RNYNNCNNGYNGKTNYNY-3") (45).

5S/MAR-specific sequence (5-TAWAWWWNNAWWRTAANNWWG-3) (22).

%Recalculated from Amati and Gasser (46). Here rymmon refers to over-representation of A- and T-box motifs in S/MARs when compared to non-S/MARs.

promoter sequences (Table 4A). As described above, we  Methods and plotted against the r(a) values. For comparison
analyzed whether the enrichment is influenced by the AT  this plot has been included in Figure 1. The points for both
content of the consensus-derived matrices. Therefore their AT ~ topoisomerase II matrices as well as that for the ‘S/MAR-
contents were determined as described in Materials and specific sequence’ appear in close vicinity to the regression



line, indicating that these motifs are neither over- nor under-
represented in S/MARs when the AT content is taken into
account. Confirmation also comes from yet another approach
in which the matrices were grouped by their AT content and
r(a) values of individual matices were compared to the mean
r(a) of the group it belongs to. This approach allows the
tentative estimation of the enrichment of all motifs. It suggests
that all previously reported S/MAR-specific sequence
elements re-evaluated in our analyses are neither over- nor
under-represented in S/MARs when the AT content is taken
into account.

Calculating the enrichment factors from analyses with
IUPAC consensus sequences as search strings (Table 4B) and
plotting them against the AT content of the motif yielded
essentially the same picture, thus confirming the results
obtained by employing the consensus-derived matrices.

DISCUSSION

Previous attempts to analyze S/MARs for any kind of pattern
were hampered by the low number of S/MAR sequences
available. Thus definition of motifs or rules was previously
performed on the basis of 5, 7, 15 or 31 S/MAR sequences
(references 1,22,30,46, respectively). With the help of our data
collection, S'MARt DB, which presently contains 245 S/MAR
sequences from a variety of species (24), we analyzed certain
sequence characteristics of S/MARs. It has been shown in re-
association assays that S/MAR elements from one species
bind to matrices prepared from tissues of another species
(13,22,46), although these species may be as apart as animals,
yeast and plants. Therefore, taking advantage of an improved
basis for statistical analyses, we decided to use the whole set of
S/MARs collected in S/MARt DB. This decision is supported
by the observation that the enrichment of selected motifs in
S/MARs did not reveal significant species specificities (see
below). Even so, the coverage of experimentally verified
S/MARSs in the analyses is still low compared to the estimated
number of 100 000 nuclear matrix-attached sites alone for the
human genome, a number which is essentially supported by
Frisch et al. (47). Analyses were carried out by comparing
S/MAR sequences with sequences from regulatory (promoter
sequences) and non-regulatory regions (exon sequences) and
random sequences of the same AT content (shuffled S'MAR
sequences). Such a comparison should aid in identifying
common features as well as those that separate S/MARs from
genomic regions of distinct function.

These attempts confirmed that a certain type of S/MAR,
which forms the bulk of the available data material, exhibits an
enhanced AT content as described earlier by others (3,33,48).
The S/MARs contained in our collection have been obtained
by a range of methods and according to varying activity
criteria. While similar results seem to originate from various
(re-)association protocols (4,5), binding thresholds which
qualify an element as a S/MAR have rarely been specified.
Moreover, a few S/IMARSs contained in our collection exhibit a
low AT ratio while others have been mapped to rather large
restriction fragments that may contain unspecified portions of
non-S/MAR sequence. Among others, these reasons may
affect the reported mean AT ratio. Nevertheless, as a whole,
our collection of S/MAR sequences exhibits a markedly
higher AT content than any of the reference sequence sets,
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even though it is lower than outlined in previous reports
(31,33).

In order to study the nucleotide composition of S'MARSs in
more detail, the occurrence frequency of all possible non-
redundant hexanucleotides was determined. By this means our
results support previous observations that S/MARs often
contain AT-rich motifs such as oligo(A) runs (10,30,33).
Comparative analyses of shuffled S/MAR sequences showed
that most of the AT-rich motifs are shared with the original
S/MARs. The Ag motif especially was again found most often
in the shuffled sequence set, although at a >4-fold lower
frequency. While this seems to support the idea that
homopolymeric stretches of A are a characteristic of
S/MARs, the following consideration should also be taken
into account: the absolute number of matches obtained for the
original S/MARs might be biased by the fact that our search
detected and independently counted overlapping Ag motifs in
homo(A) runs (thus the high number of hits). On the other
hand, there is a high chance that sequence shuffling inserts
another nucleotide into a homo(A) run causing each insertion
to erase up to six Ag occurrences in the randomized sequences
(thus resulting in fewer hits in the randomized sequence sets).
Still, they are enriched in this motif when compared to
sequences with a more equal nucleotide distribution. The
hexanucleotide motifs that were demonstrated to represent
CUEs within an appropriate sequence context (ATATTT and
ATATAT) (5,34) are also contained in S/MAR and shuffled
S/MAR sequences. Similarly, we could confirm the observa-
tion that hexanucleotides containing the core motif of
homeodomain transcription factors (ATTA or TAAT) occur
frequently in S/MARs. In the latter case even the numbers of
hits were similar in the original S/MARs and randomized
sequences.

In summary, the observed hexanucleotide composition of
S/MARs is clearly influenced by their AT-richness. This
conclusion is supported at least in part by an analysis of the
hexanucleotide distribution of 3’-UTRs taken from UTRdb
(49), which exhibit a similar AT content (60.12% compared to
61.68% for S/MARSs; see Table 1). About one-third of the
hexanucleotides frequently met in S/MARSs occurred often in
3’-UTRs as well (data not shown). Support also comes from a
survey by Ganapathy and Singh (50) in which 122 S/MARs
were analyzed for 39 S/MAR-related sequence motifs. Their
motif collection ranged from a dinucleotide to motifs
comprising >20 nt. In that study four of the five most
frequently observed motifs (ATTA, AAA, AAAA,
WWWWWW and YR) were entirely composed of A and/or
T nucleotides (50). All of the motifs recognized by Ganapathy
and Singh as occurring frequently in S/MARs appear in
Table 2 as well. On the other hand, some recent studies
emphasize that, in particular, (A),:(T), motifs are important
for matrix attachment when they exceed a critical length or are
spaced according to certain distance criteria which are referred
to as either AT-patches or 90% AT-boxes (51,52).

Following the observations made for the hexanucleotides
containing the core motif of homeodomain transcription
factors only relatively few weight matrices for homeodomain
factors showed up in our systematic analyses for potential
transcription factor-binding sites. In particular, this search
revealed an elevated frequency of CDP/Cux-binding sites in
original and randomized S/MARs when compared to other
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sequences. In addition, these sites were identified with just one
of about six matrices for this transcription factor. Similar
observations were made for E2F, GATA-1 and Spl. We also
observed an enrichment for three matrices which represent
putative binding sites for homeodomain factors (CPP/Cux,
Hox 1.3 and Ubx), but our collection of matrices includes
many more matrices for homeodomain factors, most of which
are rather inconspicuous. On the other hand, motifs described
by another matrix for a homeodomain factor were found to be
under-represented in S/MARs. Taking these observations into
account it is hard to generalize that binding sites for
homeodomain factors as a whole are over-represented in
S/MARs. For the time being we therefore suggest that
potential binding sites be treated as singular sequence motifs,
leaving a potential role of the respective homeodomain factors
in S/MAR function to further experimental analyses.

To the best of our knowledge only Amati and Gasser also
investigated the distribution of A- and T-boxes between
S/MAR and non-S/MAR sequences (46). The data sets they
used in their analysis were considerably smaller (15 S/MARs
and seven non-S/MARs) and different in base composition.
Their ‘ratio of occurrence’, which corresponds to the enrich-
ment factors r(a) of our study, was computed in a different
way. Therefore, we recalculated the r(a) values according to
our formula from the frequency values given in their
publication to allow for comparison (Table 4B). Even though
Amati and Gasser observed a slightly stronger enrichment for
the T-box motif, their results do not contradict ours, especially
if the differences in the sizes of the data sets are taken into
account (46; Table 4B). We have noticed a higher enrichment
of topoisomerase II sites when scanning against a matrix
derived from the consensus for the insect enzyme, but not for
vertebrate topoisomerase II (Table 4). Although the potential
sites for the insect enzyme appear to be much more enriched in
S/MARSs and randomized S/MARs, both these sites occur in
S/MARs and randomized S/MAR sequences at the levels
expected from their AT content. The same seems to be true for
the remaining S/MAR-specific sequence elements considered
in our analyses (Fig. 1). Equivalent observations concerning
these five selected motifs were made in analyses confined to
either vertebrate, insect or plant S/MARs (data not shown),
thus justifying the use of the undivided S/MAR sequence set in
other analyses.

In the light of our analyses, at least some of the previously
described S/MAR consensus patterns appear debatable. For
the investigated group of conventional S/MARs, the elevated
AT content seems to be most indicative for their presence
while the enrichment of a number of motifs may just be due to
this general feature. In fact, an attractive hypothesis would be
that prototype S/MARSs are AT-rich just to facilitate a higher
concentration of (certain) AT-motifs to occur. This implies the
possible occurrence of sequences with a balanced AT/GC ratio
in which these sequence features may have evolved by
selection pressure. As there are definitely S/MARs that exhibit
alow AT content (see for example 53,54), we have to consider
that there must exist characteristics beyond mere AT-richness
that confer scaffold/matrix attachment potential. In this regard
it might be useful to elucidate the relevance of purine-rich
S/MAR segments. Systematic wet lab investigation of the
‘ATC sequence’ context should also generate valuable results.
The ATC sequence context has been shown to be important for

the S/MAR-binding proteins SATB 1 and BRIGHT; it might
be relevant for other factors as well (55,56).

Previously, development of new effective algorithms for the
recognition of scaffold/matrix-attached regions or the
improvement of existing ones was impeded by the small
number of sequences available and the non-availability of a
‘classical consensus’ sequence shared by all S/MARs. Our
analyses and that by Ganapathy and Singh (50) put emphasis
on the latter point. Having said that, this does not necessarily
mean that it might be impossible to find such motifs, at least
for certain subsets, the definition of which will be possible by
S/MARt DB.

We would have tried to establish subsets of SSMARs on the
basis of alternative biological or biophysical features that are
connected to S/MAR function, e.g. their matrix-binding
specificity, but these characteristics have not generally been
investigated. So far the use of binding strength is critical as it
calls for a rigorous standardization (compare results in 57 and
58,59).

Despite these shortcomings, progress in defining common
motifs on the basis of certain contigs with reported binding
potential was made by Frisch ef al. (47), who defined matrices
for a novel tool, SMARTest. Since it is based on our database,
so far SMARTest has also concentrated on S/MARs with a
high AT content. The MAR-Finder program uses rules for
combinations of a number of structural motifs that have been
reported to occur in the vicinity of S/MARs (60,61). Yet
another approach makes use of the established unwinding
propensity of S/MAR elements (62).

Having complete eukaryotic genomes at hand, it will be an
exciting task to systematically identify their S/MARs by
appropriate in silico methods which, however, will have to be
accompanied by rigorous in vitro and in vivo experiments. If
the results of these analyses are capable of complementing the
accumulating experimental knowledge about the locations and
properties of S/MARS, the possibility arises of using complete
genomic maps for SSMARs as a functional coordinate system
for regulatory genomic units.
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